Studies were conducted to determine the pathogenic potential of the recently isolated bovine Neospora protozoa (BPA-1) for the bovine fetus. Cows chosen for study had Neospora titers < 160 using an indirect immunofluorescent antibody (IFA) test. Four experimental groups were studied. In group 1, 2 fetuses were inoculated in utero at 118 days gestation with culture-derived Neospora tachyzoites. A pregnant control cow was housed in the same pen, observed daily and screened serologically for evidence of exposure to Neospora. In group 2, 2 cows were infected with Neospora tachyzoites at 138 or 161 days gestation, and 1 control cow was given uninfected cell culture suspension simultaneously at 154 days gestation. Groups 3 (85 days gestation) and 4 (120 days gestation) each consisted of 2 cows infected with Neospora tachyzoites and 1 control cow given uninfected material at the same stage of gestation. Dead fetuses were surgically removed from the infected cows in group 1 on postinfection day (PID) 17. The histopathology was compatible with protozoa1 fetal infection, and protozoa were identified by immunohistochemistry. Viable fetuses were removed surgically from cows in group 2 on PID 28-30. The histopathology was compatible with protozoa1 fetal infection, protozoa were identified by immunoperoxidase techniques, and Neospora tachyzoites were reisolated in vitro from tissues of the 2 infected fetuses. In groups 3 and 4, the control fetus and 1 infected fetus were removed surgically between PID 26 and PID 33. The remaining infected cows were observed until fetal death or abortion occurred. In group 3, the fetus that was surgically removed from 1 infected cow had no pathologic abnormalities, and parasites were not found (PID 26). The second fetus in group 3 died in utero, and expulsion of a mummified fetus was induced on PID 67. Brain histopathology was compatible with protozoa1 infection, and parasites were identified by immunoperoxidase techniques. The fetus that was surgically removed (PID 32) from 1 infected cow in group 4 had lesions compatible with protozoa1 infection, and Neospora tachyzoites were reisolated in vitro from fetal tissues. The second infected cow in group 4 produced a full-term live calf that had a precolostral Neospora titer of 20,480. Clinically, this calf had depressed conscious proprioception in all limbs. Very mild lesions were found in the central nervous system, but protozoa were not found in the tissues. The results demonstrate that the bovine Neospora protozoa can be transplacentally transmitted, resulting in fetal infection and death, and mimics the naturally occurring fetal disease.
Neospora is a newly recognized pathogeni c protozoan of animals that is now considered to be a major Koch's postula duction of fetal cause of bovine abortion and congenital infections in This report documents the successful experimental recalves. 2, [4] [5] [6] [7] 14, 15, 17, [20] [21] [22] 24, [25] [26] [27] [28] 30 A causal role for Neospora production of bovine fetal neosporosis using a bovine tes be fu disease a lfilled by nd reisola experimental reprotion of the parasite. 18 in these bovine fetal/neonatal infections is supported by numerous case reports and retrospective studies showing Neospora tachyzoites associated with inflammatory lesions that are compatible with fetal protozoa1 infection in fetuses with no other known viral or bacterial abortifacients. 2, [4] [5] [6] [7] 12, 14, 15, [20] [21] [22] [24] [25] [26] [27] [28] [29] [30] However, confirming the etiologic role of bovine Neospora as a cause of bovine abortion and congenital disease requires that Neospora isolate 9 obtained from a spontaneously aborted bovine fetus with confirmed Neospora infection.
Materials and methods
Animals. Pregnant heifers were purchased from a herd of pastured Simmental-cross cattle. Heifers were vaccinated for brucellosis (calfhood vaccination), leptospirosis, and Campylobacter fetus ssp. venerealis prior to purchase. Animals chosen for groups 3 and 4 were also vaccinated with a polyvalent vaccine a containing killed bovine virus diarrhea virus (BVDV), infectious bovine rhinotracheitis virus (IBRV), Parainfluenza virus 3, and bovine respiratory syncytitial virus 8 days before being moved from pasture to a feedlot for experimental studies. Heifers were bred by natural service, and pregnancy was confirmed through rectal palpation at approximately 35-90 days gestation. Fetal gestational age was estimated from the stage of fetal development at first confirmation of pregnancy and was considered to be accurate within a 2-5-day range of gestational age. Heifers designated for experimental study were moved to a single feedlot corral pen approximately 5-10 days prior to experimental inoculation.
Neospora serology. Serum samples were assayed for antibody to bovine Neospora using an indirect immunofluorescent antibody (IFA) test as previously described. 10 Sera with no detectable reaction to antigen by IFA at a screening dilution of 1:160 were considered negative for Neospora antibodies. Dam sera were also examined for antibody to Toxoplasma gondii using the same method, with the T. gondii RH isolate b as antigen. All heifers had preinfection titers of ≤ 160 to Neospora and T. gondii antigens.
Inoculum. The parasite inoculum used to infect cattle consisted of in vitro cultivated tachyzoites of a bovine Neospora isolate (BPA-1), which was originally obtained from a spontaneously aborted bovine fetus and maintained in continuous cell culture as previously described. 9 Tachyzoites were harvested from the 13th cell passage on bovine aortic endothelial (CPAE) cell monolayers, with ≥ 80% of the cells infected with large clusters of Neospora tachyzoites. 9 CPAE monolayers were scraped from culture flasks, and the cell suspension was passed 3 times through a 25-gauge needle to rupture host cells. The portion of each inoculum that was to be given intravenously (IV) was passed through a 5-µm millipore filter to remove excess cell culture debris. The resulting tachyzoite suspension was then centrifuged at 1,200 x g for 10 min, the supernatant was discarded, and the pellet was resuspended in 1 ml of Dulbecco's minimum essential medium (MEM). Aliquots were diluted either 1:10 or 1:100, and the concentration of free tachyzoites in the stock inoculum was determined with a hemocytometer. The total number of tachyzoites and volume of MEM in each inoculum was adjusted for each experimental group. The inocula given to control cattle consisted of uninfected CPAE monolayer cultures that were processed by the same method as for the infected cultures.
Experimental groups. Animals were divided into 4 experimental groups (Table 1) . In group 1, fetuses (118 days gestation) from 2 pregnant heifers (1A and 1B) were each given direct intramuscular (IM) inoculations of 0.5-1.0 x 10 6 Neospora tachyzoites through the intact uterine wall following surgical exposure of the uterus. Both fetuses were removed by caesarian section on postinoculation day (PID) 17. A single paired, uninoculated pregnant cow was housed and fed in the same corral pen with animals 1A and 1B. This control cow and its fetus were left undisturbed throughout this first experiment to monitor for any possible spontaneous or intercurrent disease exposure following experimental inoculation of the fetuses from heifers 1A and 1B. The same pregnant control heifer for group 1 served as the control heifer for group 2.
The 3 remaining experimental groups each consisted of 2 pregnant heifers infected with parasites and a pregnant control animal; all 3 animals were housed and fed in the same corral pen (Table 1) . Experimentally infected heifers in group 2 (heifers 2A and 2B) were inoculated on gestational day 138 and 161, respectively, with a total of 8 x 10 6 Neospora tachyzoites divided into 3 x 10 6 tachyzoites injected IV and 5 x 10 6 tachyzoites injected IM. On gestational day 154, control heifer 2C was given similar IV and IM injections of parasitefree suspensions of CPAE cultures, which were processed in a manner identical to that of the infective inocula. All fetuses in group 2 were removed prior to fetal death by caesarian section at PID 28-43 (Table 1) to optimize chances for successful parasite reisolation from infected fetuses and to ensure optimal preservation of fetal tissues. Inoculation procedures for the animals in groups 3 and 4 were the same as for those in group 2. The only difference between heifers in groups 3 and 4 was the gestational age at inoculation (group 3: 80-95 days; group 4:115-120 days). The fetus from 1 infected heifer (3A, 4A) and the control (3C, 4C) in each of groups 3 and 4 were removed prior to fetal death by caesarian section. The remaining infected heifer (3B, 4B) in each group was left undisturbed to monitor the course of fetal development following initial maternal infection (Table 1) .
Monitoring and sample collection. Following inoculation, all heifers were observed daily for signs of impending abortion. Rectal temperatures were taken daily for 10-14 days following inoculation; serum was collected weekly for an extended period. Serum antibody levels to Neospora were determined by IFA. Fetuses were monitored weekly by rectal palpation and ultrasound examination, with more frequent fetal monitoring during periods when fetal viability appeared to be compromised. When fetuses were removed by caesarian section, maternal blood, amniotic fluid, placental tissues, and intact placentome were collected. Fetal heart blood was collected from viable fetuses. If fetuses were dead at caesarian section (group 1, Table 1 ), fetal pleural fluid was collected. Colostrum was collected from heifer 4B, and precolostral and 24-hr postcolostral blood were collected from her liveborn calf (Table 1) . A clinical neurologic examination was performed on this calf at 2 days of age, and it was euthanized. c Necropsy. Complete necropsies were performed on all fetuses and the live-born calf. Fetal crown-rump length was recorded, and a complete abortion screen was performed on fetuses to rule out other causes of infectious bovine abortion as described previously, 4 except that Chlamydial cultures were not performed, and an IFA test was used to determine Toxoplasma antibody titers. Tissues immersion-fixed in 10% neutral buffered formalin for routine histology processing included brain, spinal cord, peripheral nerve, skeletal muscle, lymph node, thymus, lung, heart, liver, kidney, spleen, adrenal gland, trachea, multiple sections of gastrointestinal tract, placenta, and placentome.
Immunohistochemistry. Sections of paraffin-embedded fetal brain, spinal cord, placenta, placentome, and major fetal organs and calf brain and spinal cord were examined for the presence of Neospora parasites by immunohistochemical techniques using polyclonal antiserum produced against the BPA-1 isolate of bovine Neospora. The antisera was produced by injecting a naive rabbit IM with 6.9 x 10 6 culture-derived tachyzoites of BPA-1 organisms that were resuscitated from cryopreservation, followed by 3 additional injections of 1 x 10 6 tachyzoites at successive 2-wk intervals. Serum was collected 3 wk following the last inoculation. The optimal dilution (dilution where the serum produced a strong positive reaction against a positive control section with no appreciable nonspecific background staining) of this anti-Neospora serum was 1:200 for immunohistochemistry. The immunohistochemical procedure was as previously described 9 except that sections were enzyme digested for 15 min at 37 C in 0.4% pepsin rather than in 0.1% trypsin.
Parasite isolation. Separate monolayer cultures of CPAE were inoculated with homogenized brain/spinal cord, placentome, a pool of select organs, amniotic fluid, or stomach fluid from fetuses to isolate viable Neospora parasites. Brain, spinal cord, and placenta were similarly cultured from the calf. The procedure for parasite isolation has been previously described. 9
Results
A summary of the experimental results is shown in Table 1 .
Experimental group 1. Direct fetal inoculation of both fetuses at 118 days gestation resulted in a disseminated fetal Neospora infection. Both heifers had a brief elevated temperature of approximately 104 F, 5-8 days following fetal inoculation. At 16 days PID, reduced fetal movement and evidence of flocculent material in the amniotic fluid were observed by Ultrasonography of both heifers. On PID 17, a dead fetus was surgically removed from each of the heifers (1A, 1B). Placental membranes were greatly thickened and edematous. Aside from mild autolysis and postmortem blood staining of tissues, there were no gross lesions observed in the fetuses. There was no appreciable immunoglobulin level in the fetal pleural fluids, and fetal antibody titers to Neospora were <80. Both heifers, however, developed antibody titers to Neospora, which were 1,280 and 640 for 1A and 1B, respectively, on the day the caesarian sections were performed. Histologic examination revealed that both fetuses had disseminated inflammatory lesions, which were limited largely to the brain, lung, and placenta of fetus 1B. Inflammation was more pronounced and widespread in fetus 1A, with additional inflammatory foci in the liver, kidney, muscle, heart, and lymph nodes. In both fetuses, these inflammatory foci consisted of large mononuclear inflammatory cell infiltrates. In the brain, there was multifocal vascular-oriented microgliosis. Necrotic foci surrounded by microglial cells were present in the brain of fetus 1A. Additionally, small focal infiltrates of large mononuclear cells, sometimes associated with focal cellular necrosis, were present in the spinal cord, lung, liver, and placenta. Immunohistochemical procedures revealed protozoa1 tachyzoites that reacted positively with the Neospora antisera and were associated with the inflammation and/or necrosis in the brain of both fetuses. Rare tachyzoites were also found in the kidney, liver, and placenta of 1 or both fetuses. Attempts to isolate Neospora from the tissues of both dead fetuses were unsuccessful (Table 1 ). All remaining test results for fetuses 1A and 1B were negative.
Experimental group 2. The heifers in group 2 showed no ill effects following the combined IV and IM injections of Neospora tachyzoites. Both infected heifers (2A, 2B) developed serum antibody titers to bovine Neospora, which began to rise on PID 14 and peaked on PID 30 at 1,280 and 640, respectively. Antibody titers to BVDV also began rising in heifers 2A and 2B but not in control heifer 2C. A BVDV titer of 32 was first detected in heifer 2A, on PID 13 and peaked at 128 on PID 29. Heifer 2B had a BVDV titer of 64 on inoculation day, which increased to a value >256 by PID 29. No abnormalities were detected in either fetus by ultrasound through the entire postinoculation period. To avoid possible fetal death from Neospora infection with subsequent tissue autolysis and death of the parasites, both fetuses were surgically removed by caesarian section while viable on approximately PID 30. The uterine walls and placentas were edematous. Significant gross pathologic findings were limited. Both fetuses had rare small tags of fibrin on the surface of the liver. Rare pinpoint pale or red foci were seen in the liver of both fetuses, and lymph nodes appeared edematous and mildly enlarged. The spleen of fetus 2B was mildly enlarged.
Microscopically, multifocal nonsuppurative inflammatory cell infiltrates were seen in multiple tissues from both infected fetuses. The lesions varied in extent between the fetuses, with more pronounced inflammation in fetus 2B. In the brain and spinal cord, there were random foci of gliosis, consisting of large mononuclear cells with focal perivascular mononuclear inflammatory cell cuffs. These perivascular infiltrates consisted predominantly of lymphocytes in fetus 2A and of mixed lymphocytes, macrophages, and plasma cells in fetus 2B. Although individual necrotic cells were found in association with inflammatory infiltrates, larger foci of cellular necrosis were rare. In the liver of fetus 2B, there were portal and random lymphohistiocytic infiltrates with infrequent foci of hepatocellular necrosis. In both fetuses, focal mixed mononuclear inflammatory cell infiltrates were present in the heart, skeletal muscle, lung, and kidney. Small focal mononuclear cell infiltrates and/or small foci of trophoblast cell necrosis were also present in the cotyledonary placenta of both fetuses. The lymph nodes from both fetuses had prominent secondary lymphoid follicles. In uterine mucosa from both heifers (2A, 2B) there were small foci of cellular necrosis in caruncular crypts. Some of these necrotic foci encompassed adjacent fetal villi within the placentome. Small aggregates of mixed inflammatory cells, primarily macrophages and neutrophils, were present in caruncular crypts adjacent to these foci of necrosis. Immunohistochemical examination revealed small numbers of positively reacting Neospora parasites in the brains of both fetuses (Fig. 1A) . Neospora parasites were isolated from both fetuses and grown continuously in culture.
Fetuses from both infected heifers had elevated levels of total serum immunoglobulin G (53 and 461 mg/ dl in 2A and 2B, respectively). Fetus 2A had a 160 antibody titer to bovine Neospora and a 18 antibody titer to BVDV. Fetus 2B had no appreciable antibody titer to bovine Neospora but had an antibody titer of ≥ 1:256 to BVDV.
In the control fetus, no significant pathologic findings were noted, parasites were not detected, and all other test results were negative. All of the remaining test results for all of the fetuses were negative or unremarkable, including viral cultures of fetal organ pools.
Experimental group 3. Both infected heifers (3A, 3B) remained clinically normal following inoculation with Neospora tachyzoites. Neospora antibody titers did not begin rising in heifer 3A until PID 22 but began rising in heifer 3B on PID 11. Neospora antibody titers peaked at 640 and 10,240 for heifers 3A and 3B on PID 39 and PID 46, respectively. Control heifer 3C had a persistent Neospora antibody titer <80. Fetus 3A and control fetus 3C were removed surgically by caesarian section on PID 26 and PID 27, respectively, and no significant abnormalities were noted in either fetus. Parasites were not detected in the tissues of either fetus (3A, 3C) by immunohistochemistry, attempts to isolate parasites from either fetus were unsuccessful, and all remaining test results for these two fetuses were negative.
Fetal death with a reduced volume of flocculent amniotic fluid was diagnosed in heifer 3B on PID 63 by rectal palpation and ultrasonography. Heifer 3B was observed for 2 days but did not abort. To avoid excess fetal decomposition, fetal expulsion was induced on PID 65 by injecting heifer 3B with 2 mg estradiol cypropionate d IM and 1 mg fenprostalene e subcutaneously. Two days later (PID 67), heifer 3B expelled a partially mummified fetus and placenta (Fig. 2 ). There were no significant gross pathologic findings noted in the fetus or placenta. Microscopically, there was significant tissue decomposition, which limited the microscopic evaluation. However, focal aggregates of mononuclear inflammatory cells were visible in the brain, skeletal muscle, heart, renal cortex, lung, and placenta. Focal necrosis with accompanying collections of inflammatory cells were seen in the brain and lung. In the liver, there appeared to be widespread hepatocellular necrosis with focal sinusoidal collections of necrotic cellular debris. Immunohistochemical procedures revealed 2 or 3 small clusters of tachyzoites, which reacted positively to anti-Neospora sera, in the brain (Fig. 1B) . The total immunoglobulin G concentration in the pleural fluid of fetus 3B was < 15 mg/dl. However, the Neospora antibody titer in this fetal pleural fluid was 1,280. Parasites were not isolated from the fetal tissues. All remaining test results were negative.
Experimental group 4. Both infected heifers (4A, 4B) remained clinically normal following inoculation with Neospora tachyzoites. Neospora antibody titers in these heifers began rising on PID 7 for both heifers and reached peak titers of 5,120 and 10,240 on PID 32. Control heifer 4C had a persistent Neospora antibody titer of <80. Viable fetuses were surgically removed by caesarian section on PID 31 and 32 from infected heifer 4A and control heifer 4C. Lymph nodes in fetus 4A appeared mildly enlarged and edematous. There were small flecks of tan-white material in the fetal abomasal fluid, and infrequent, scattered small pale foci were seen in the liver.
Microscopically, there were focal mononuclear cell infiltrates in several organs in fetus 4A (Figs. 3-6 ). There were prominent focal infiltrates of mononuclear inflammatory cells, occasionally surrounding central necrotic debris, scattered randomly throughout the brain and meninges (Fig. 3) . Capillaries near these infiltrates were also prominent with markedly hypertrophied endothelium. The mononuclear cells consisted primarily of macrophages or microglial cells, but small numbers of lymphocytes and plasma cells were present around vessels or within the meninges. Focal mixed mononuclear cell infiltrates (macrophages, lymphocytes and rare plasma cells) were also present in the liver (primarily portal in location), renal cortices (Fig.  4) , lung (Fig. 5) , heart, and skeletal muscle. Small scattered foci of necrosis with associated small mixed mononuclear infiltrates were found in the placentome (Fig. 6) , as described for group 2 infected heifers. Occasionally there were small mineral deposits in these necrotic foci and accompanying fibrin deposition and hemorrhage. More prominent focal aggregates of macrophages, lymphocytes, and plasma cells were present at the base of caruncular crypts in the placentome. Secondary lymphoid follicles were present in the cortex of lymph nodes.
Immunohistochemical procedures revealed clusters of tachyzoites, which reacted positively to anti-Neospora sera, in the brain of fetus 4A adjacent to inflammatory infiltrates. Rare tachyzoites were also found in the heart, lung, and placentome. Neospora parasites were isolated in vitro from the fetal tissues.
Serum from fetus 4A had an elevated total immunoglobulin G level of 22 mg/dl and an antibody titer to Neospora of 640. All remaining test results for fetus 4A were negative. In control fetus 4C, there were no significant pathologic findings, parasites were not detected in the tissues, and the remaining test results were negative.
Heifer 4B was monitored closely throughout the remainder of her pregnancy. Following inoculation, the serum antibody titers to Neospora rose to a peak titer of 5,120 on PID 32. The Neospora antibody titer remained stable with a titer of 2,560 at parturition. No abnormalities were detected in either the heifer or her fetus. Heifer 4B gave birth to a full-term bull calf on PID 155 (270 days gestation). A clinical neurologic examination performed on the calf at 2 days of age showed decreased conscious proprioception in all 4 limbs, depressed gastrocnemius and panniculus reflexes, and slight rear limb weakness. At necropsy, there were no significant gross pathologic findings. The only significant histopathologic finding noted was the presence of 2 small foci of gliosis in the brain, a single perivascular cuff of lymphocytes and plasma cells in the cerebral cortex, and mild focal astrocytosis in spinal cord gray matter.
No parasites were detected in the central nervous system of calf 4B, and parasites were not isolated from the calf tissues. Precolostral serum immunoglobulin G levels in calf 4B were elevated to 120 mg/dl, and the antibody titer to Neospora was 20,480. All remaining test results for calf 4B were negative.
Discussion
The results of this study fulfill Koch's postulates, confirming that the bovine Neospora parasite (BPA-1) is experimentally infective for cattle, resulting in transplacental fetal infection and disease identical to natural Neospora infections, and can be reisolated in vitro from fresh infected bovine fetal tissues. Thus, the bovine Neospora organism is the etiologic agent responsible for the disease referred to as bovine protozoa1 abortion or bovine Neospora abortion. 1, 3, 28, 30 Experimental infection of bovine fetuses or pregnant heifers with BPA-1 resulted in systemic fetal infections. Two fetuses infected in utero and surgically removed (group 1) and 3 of 4 f t e uses surgically removed 26-31 days following maternal infection (groups 2-4) had systemic protozoa1 infections that were identical to those reported for spontaneous Neospora abortions. 4, 17, 21, 22, 27, 28, 29 Characteristic focal mononuclear inflammatory cell infiltrates were present in a variety of fetal tissues (Figs. 3-6 ). Parasites were found in association with the fetal lesions (Fig. 1A, 1B) , and Neospora tachyzoites were isolated in vitro from viable fetuses but could not be reisolated from fetuses that died in utero. This finding is consistent with previous ultrastructural studies of parasites from spontaneous Neospora abortions and culture results from field cases, suggesting that Neospora parasite viability, particularly in regards to tachyzoite stages, diminishes rapidly following fetal death. 5, 9 Inoculation of pregnant heifers with Neospora tachy- Figure 6 . Light micrograph. Placentome from heifer 4A. There is a discrete focus of necrosis within a chorionic villus (p) with some necrosis of the adjacent caruncular crypt (c) . Small collections of mononuclear inflammatory cells are present in the interstitium of the caruncular crypt (arrowheads). Bar = 100 µm. zoites resulted in transplacental fetal infection but caused no clinical signs in the dams. 3, 4, 27 Thus far, signs of clinical disease have not been reported in adult cattle with natural Neospora infections. Following inoculation, the maternal antibody titers to bovine Neospora began to rise within 7-14 days, peaked approximately 25-46 days, and then remained relatively stable.
The results from experimental group 2 indicate that the 2 Neospora-infected heifers and fetuses (2A, 2B) in this group were also exposed to BVDV. The control heifer and fetus were not exposed to BVDV despite the fact that the control heifer received an inoculum of tissue culture filtrate identical to that given to the infected heifers except for the presence of parasites. Infected heifers both developed rising antibody titers to BVDV with seroconversion, but the control heifer did not. In addition, fetuses 2A and 2B had specific fetal antibody titers to BVDV at the time they were collected, but no titer was detected in the control fetus (2C). Virus was not isolated from either of the BVDVexposed fetuses (2A, 2B), suggesting that each fetus had resolved the BVDV infection. 19 These findings suggest that the BVDV infections resulted from contact exposure with a naturally infected animal. Neospora infections were confirmed in these same fetuses (2A, 2B) by histopathology, with detection of parasites by immunohistochemistry ( Fig. 1A) and parasite isolation. One fetus (2B) had a markedly elevated titer to BVDV but no detectable antibody titer to Neospora, despite having sufficient time for production of fetal antibody to the parasite. The BVDV infection may have suppressed the fetal humoral immune response to the concurrent Neospora infection. We have observed similar spontaneous bovine abortions with combined Neospora and BVDV infections (unpublished data), and one such dual fetal infection has been reported. 1, 7 fections would occur in group 3 before a protective fetal immune response could develop and in group 4 after some immune competence was attained. Maturation of bovine fetal immunity most likely occurs progressively, with specific antibody responses to some viral and rickettsial pathogens first detectable around 120-140 days gestation. 23 Although the exact time required for fetal infection to occur after maternal inoculation of Neospora tachyzoites is not known, studies on the fetal infectivity of Toxoplasma gondii in sheep 8 and the results of our group 2 experiment suggested that initial transplacental fetal infection might occur within 10-15 days following initial maternal inoculation. Using this information, 2 heifers in group 3 were infected at 95 days gestation and 2 heifers in group 4 were infected with identical inocula at 115 days gestation. Unfortunately, unforeseen circumstances resulted in a delay of approximately 1.25 hours from the time that tachyzoites were harvested from culture until the inoculum was given to heifer 3A. This delay probably resulted in a loss of parasite viability to the extent that transplacental infection did not occur, and the infection in fetus 3A could not be appropriately compared with that seen in fetus 4A. Evidence of some immunologic response was observed in fetus 4A, which developed a Neospora-specific titer of 640 and had plasma cells, as well as lymphocytes and macrophages, in the inflammatory foci where Neospora tachyzoites were detected by immunohistochemistry.
Natural Neospora infections may result in either fetal death 2, 4, 17, [20] [21] [22] [26] [27] [28] [29] or the birth of live but in utero-exposed calves. 6, 7, 12, 14, 15, 22, 24, 25 Our retrospective studies showed that most natural bovine Neospora abortions occur between 5 and 7 months gestation, and the fetuses usually have inflammatory lesions in multiple tissues, including the central nervous system. 2,4 By contrast, tissue inflammation in the infrequent late-term abortus or in congenitally infected calves is often more mild and limited in tissue distribution. 6, 24, 25 Based on these observations, we hypothesized that the outcome of fetal Neospora infections is dependent upon the gestational age of the fetus and its ability to mount a protective immune response to the parasite after transplacental infection.
Fetuses 3B and 4B were left undisturbed after maternal infection to see whether fetal death and abortion would occur. The fetus from heifer 3B remained viable until approximately PID 60 and the partially mummified fetus was medically expelled on PID 67 to avoid further excessive decomposition of fetal tissues (Fig.  2) . Similar fetal death and mummification have been reported with natural Neospora infections. 20,28 Compatible histopathology and the immunohistological detection of parasites in the tissues of fetus 3B confirmed a fetal Neospora infection (Fig. 1B) . The fetus also had a specific antibody titer to Neospora (Table 1 ). In contrast, fetus 4B remained viable throughout gestation, and a live calf was delivered on PID 155. No parasites were detected in the tissues from this calf, but an elevated precolostral antibody titer to Neospora (Table  1) and presence of a mild encephalomyelitis confirmed that this calf was exposed in utero to Neospora but was able to control the infection.
To initially evaluate the importance of fetal age at the time of Neospora infection, we wanted to infect the dams at different stages of gestation so that fetal in-Despite the limited number of animals studied (n = 2, heifers 3B and 4B), the results of this pilot study tend to support the contention that fetal age affects the outcome of Neospora fetal infection. Both infected fetuses (3B, 4B) subsequently developed a specific humoral antibody response to the Neospora infection, but the resultant death of fetus 3B (Fig. 4) versus resolution of the Neospora infection in fetus 4B strongly suggests that each fetus's specific immune capability at initial Neospora exposure played a major role in the final outcome of the respective fetal infections. Further studies with greater numbers of cattle are required to better define the affect of fetal immunity and age on the pathogenesis of fetal neosporosis.
In a previous report, 3 pregnant cows were experimentally infected with Neospora caninum obtained from puppies with congenital protozoa1 encephalomyelitis. 11,3 Transplacental infection was confirmed in 1 of these cows. 16 Although abortions occurred in the remaining 2 cows, the fetal tissues were unsuitable for laboratory investigation. 16 Although N. caninum is very similar to the bovine Neospora protozoan, it originated from puppies, not cattle, and there is no conclusive evidence showing that the bovine and canine parasites are the same species. In the present experiments, we used the BPA-1 Neospora parasites because they were isolated from an aborted bovine fetus. 9 Thus, our experiments demonstrate conclusively for the first time that the protozoa1 organism found in aborted bovine fetuses is the causative agent responsible for the disease referred to as bovine protozoa1 abortion or Neospora abortion. 1, 3, 28, 30 Thus far, only bradyzoite and tachyzoite stages of Neospora have been identified, and the tachyzoite stage, which was used in these experiments, is the infective stage for the fetus. However, these results should be reproduced using the natural oocyst inoculum once this stage has been isolated. Additional studies are also needed to answer important questions concerning the effects of fetal age, fetal immunity, and maternal immunity on the subsequent pathogenesis of fetal neosporosis. Information from such studies should lead to more effective means of controlling this newly recognized and highly significant disease of livestock.
